Canals are supramolecular complexes observed in the cell wall of Candida maltosa grown in the presence of hexadecane as a sole carbon source. Such structures were not observed in glucose-grown cells. Microscopic observations of cells stained with diaminobenzidine revealed the presence of oxidative enzymes in the canals. 4 ,6 -diamino-2-phenylindole staining revealed that a substantial part of cellular polyphosphate was present in the cell wall of cells grown on hexadecane in condition of phosphate limitation. The content and chain length of polyphosphates were higher in hexadecane-grown cells than in glucose grown ones. The treatment of cells with yeast polyphosphatase PPX1 resulted in the decrease of the canal size. These data clearly indicated that polyphosphates are constituents of canals; they might play an important role in the canal structure and functioning.
INTRODUCTION
The degradation and consumption of hydrocarbons by microorganisms is widely studied because of their possible use in oil extraction and environment remediation. Microbial oil degradation was extensively studied in bacteria (Van Hamme, Singh and Ward 2003; Watkinson and Morgan 1991; Wentzel et al. 2007) . Some species of yeast are able to degrade saturated and unsaturated long chain hydrocarbons (n-alkanes, n-alkenes) with 10-24 carbon atoms (Bos and de Bruyn 1973; Miura 2006) . The metabolism of n-alkane is best studied in Yarrowia lipolytica (Finogenova et al. 2005; Fukuda 2013 ). Many genes are involved in the assimilation of n-alkanes in this species (Mori et al. 2013) . The metabolic pathways of hydrocarbons and ketones degradation were studied in Candida maltosa and related yeasts (Beier et al. 2014) . The induction of the expression of genes, belonging to cytochrome P450 family, was observed in C. maltosa under conditions of hexadecane assimilation (Kogure, Takagi and Ohta 2005; Kogure et al. 2007) . Cytochromes P450 (CYPs) of microorganisms undertake a wide variety of reaction types, their major function is to act as mono-oxygenases (Kelly and Kelly 2013) . Yarrowia lipolytica possesses 12 genes encoding cytochromes P450 of the CYP52 family; some of these hydroxylate n-alkanes; other hydroxylate the ω-terminal end of dodecanoic acid (Iwama et al. 2016) .
It was demonstrated that hydrocarbons utilization is accompanied by changes in the cell wall structure and functioning (Fischer, Brückner and Meyer 1982; Lasserre et al. 2010; Dmitriev et al. 2011) .The yeast cell wall is constituted by polysaccharides and proteins (Orlean 2012; García et al. 2015; Borchani et al. 2016; Francois 2016) ; it undergoes structural and functional changes in response to environmental changes and stresses (Kalebina et al. 2015; Kock, Dufrêne and Heinisch 2015) . Recently, it was revealed that the ability of a strain of Saccharomyces cerevisiae to hydroxylate n-alkanes was accompanied by an increasing level of cell wall mannoproteins (Hanano et al. 2015) .
Specific ultrastructures were found in the cell wall of various yeasts at hydrocarbon consumption (Dmitriev et al.1980 ). In C. maltosa, these structures did not contain mannan, in correlation with the increasing activity of cell wall α-mannosidase (Dmitriev et al.1980) ; they were destroyed by pronase indicating that they were mainly proteinaceous (Dmitriev et al. 2016) . Electron microscopic cytochemistry revealed the presence of oxidative enzymes in similar structures of Schwanniomyces occidentalis and Torulopsis candida (Dmitriev et al. 2011) . We called these supramolecular complex structures 'canals' and assumed that they contain enzymes, involved in oxidation and assimilation of hydrocarbons, as well as biopolymers playing a role in the immobilization of these enzyme and regulation of their activity.
One of the important components of yeast cell walls is inorganic polyphosphate (PolyP), a linear polymer of phosphoric acid (Kulaev, Vagabov and Kulakovskaya 2004) . PolyPs fulfill numerous energetic and regulatory functions in living cells (Docampo and Moreno 2001; Omelon and Grynpas 2008; Rao, Gómez-García and Kornberg 2009; Gray et al. 2014) . The cell wall of S. cerevisiae can contain up to 20% of total PolyP (Kulaev, Vagabov and Kulakovskaya 2004) . PolyP is thought to be responsible for the negative charge of the cell surface (Vagabov, Chemodanova and Kulaev 1990; Ivanov et al. 1996) . The introduction of β-1,6 branching into linear β-1,3 glucan with glucan transferase Bgl2p (the major protein of S. cerevisiae cell wall) is increased in the presence of PolyP, although this reaction uses energy of nucleotide sugars (Kalebina et al. 2008) . The PolyP content in C. quillermondii cells grown in the medium with hydrocarbons was twice as much than in the medium with glucose; the phosphate concentration was 20 mM in both cases (Grigoréva et al. 1973) . These data suggested that PolyP, and especially cell wall PolyP, plays an important role in the degradation of hydrocarbons by yeasts. The aim of this work was to study the ultrastructure of canals in the cell wall of C. maltosa grown on hexadecane with a special focus on PolyP.
MATERIALS AND METHODS

Yeast strain and cultivation
The yeast Candida maltosa IBPM-Y-2359 was from the G.K. Skryabin Institute of Biochemistry and Physiology of Microorganisms, Russian Academy of Sciences. Cells were cultivated at 28
• C under stirring (150 rpm) in yeast nitrogen base medium (Difco), supplied with 1% of glucose or hexadecane as a carbon source. The phosphate-limited media were prepared from the complete medium according to Rubin (1973) . The complete media contained 10 mM P i and phosphate-limited media contained 0.16 mM P i .
Transmission electron microscopy
The intact cells were fixed for 1 h, at 4
• C in 0.05 M cacodylate buffer (pH 7.2), containing 1.5% glutaraldehyde, and postfixed for 3 h at 20
• C with 1% OsO4 in 0.05 M cacodylate buffer (pH 7.2).
After dehydration, the preparations were embedded in Epoxy resin Epon 812. Ultrathin sections were prepared on an ultramicrotome Ultracut E (Reichert-Jung, Vienna, Austria) using a diamond knife and a 'perfect loop', stained with uranyl acetate and lead citrate (Reynolds 1963) , and viewed through an electron microscope JEM-100B (JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV.
Cytochemical staining
An amount of 10-15 g of wet biomass of C. maltosa was suspended in 50-60 mL of 25 mM Tris-HCl buffer, pH 7.2, and then an equal volume of glass beads (280-300 μm in diameter) was added. Cells were disintegrated for 2-4 min in a cooled mechanical homogenizer at 2 • C-4
• C. Glass beads were removed by filtration through a glass filter. The filtrate was centrifuged at 1000 × g. The upper layer of the pellet containing the cell wall fraction was carefully collected, re-suspended in the same buffer and centrifuged thrice at 1000 × g. The pellet was fixed for 1 h, at 4
• C in 0.05 M cacodylate buffer (pH 7.2), containing 1.5% glutaraldehyde and stained with oxidized diaminobenzidine according to Hirai (1971) . Diaminobenzidine is a known reagent for visualization of heme-containing proteins (Wyllie and Kaufman 1982) . After dehydration, the preparations were embedded in Epoxy resin Epon 812. Ultrathin sections were prepared as described above and used for transmission electron microscopy without any additional staining.
Scanning electron microscopy
Cell pellets were fixed (1 h, 4
• C) in 0.05 M cacodylate buffer (pH 7.2), containing 1.5% glutaraldehyde, and postfixed (3 h, 20
with 1% OsO 4 in 0.05 M cacodylate buffer (pH 7.2). After dehydration, the cells were coated with gold (Fine Coat Ion Sputter JFC-1100, Japan) and examined under a Scanning Microscope JSM-6510LV (JEOL, Tokyo, Japan).
Fluorescence microscopy
For revealing the PolyP by fluorescent microscopy (AXIO Imager A1, Zeiss, Germany), the cells were incubated in culture media supplemented with 50 μg mL −1 4 ,6 -diamino-2-phenylindole 2HCl (DAPI) (Sigma, USA) at room temperature for 15 min. For revealing the cell surface hydrophobic sites, cells were treated with pyrene-concentrated solution in ethanol. In both cases, the stained cells were examined microscopically using filter set 49 (Zeiss, Gottingen, Germany) with the excitation wavelength maximum at 359 nm and the emission maximum at 460 nm.
Cell treatment with polyphosphatase PPX1
The recombinant polyphosphatase PPX1 of Saccharomyces cerevisiae was obtained as described earlier (Lichko and Kulakovskaya 2015) . The cells of C. maltosa grown in phosphatelimited medium with hexadecane were used in this experiment. The wet biomass samples (200 mg each) were incubated in 0.2 mL of 50 mM Tris-HCl, pH 7.2, supplemented with 200 mM of NH 4 Cl, 2.5 mM MgSO 4 and polyphosphatase (2.9 E per a biomass sample) at 30
• C for 1 h. The cells were separated by centrifugation and used for scanning electron microscopy and DAPI staining.
PolyP assay
The cells were harvested at the stationary growth stage by centrifugation at 5000 × g for 10 min and washed twice with distilled water. The acid-soluble fraction was extracted with 0.5 N HClO 4 ; the content of acid-insoluble PolyP was estimated after the hydrolysis of residual biomass in 0.5 N HClO 4 at 90
• C for 20 min.
PolyP and P i were assayed as described (Kulakovskaya et al. 1999; Vagabov et al. 2008) . The total PolyP was calculated as the sum of acid soluble and acid-insoluble fractions.
PolyP chain length estimation
Five PolyP fractions were extracted according to (Vagabov et al. 2008) . The acid-soluble fraction (PolyP1) was extracted with 0.5 N HClO 4 ; the salt-soluble fraction (PolyP2) was extracted with NaClO 4 (2 g) and HClO 4 (0.5 mL) per 1 g of wet biomass. Two alkali-soluble fractions were obtained: PolyP3 was extracted with weak NaOH solution, pH 9-10; and PolyP4 was extracted with 0.05 N NaOH, pH 12. PolyP5 fraction was extracted with cold water. All fractions were extracted at 0 • C. The content of PolyP in each fraction was estimated as described earlier (Vagabov et al. 2008) ; the chain length was estimated by electrophoresis. PolyPs of all fractions were precipitated from the extracts with saturated Ba(NO 3 ) 2 solution, dissolved and subjected to electrophoresis in 30% polyacrylamide gel with 7 M urea (Kumble and Kornberg 1995) . The gels were stained with 0.05% toluidine blue, a dye specific to PolyP, in a water solution containing the dye, 25% methanol and 1% glycerol, after which the gels were destained with distilled water to reveal the PolyP bands (Kumble and Kornberg 1995) . Two types of commercial PolyPs, one with average chain lengths of 15, 25, and 75 phosphate residues from Sigma and the other of 208 phosphate residues from Monsanto (USA), were used as size markers. The average chain lengths of PolyP markers were taken as the values indicated by Sigma and Monsanto. The averaged data of three independent experiments with the standard deviation are presented in Table 1 .
RESULTS AND DISCUSSION
Growth of Candida maltosa on hexadecane correlates with PolyP accumulation
Candida maltosa grown in the presence of hexadecane had a longer lag phase and a slower growth rate than in the presence of glucose (Table 1 ; Supplement 1, Supporting Information). This delay was more pronounced in P i limitation than in P i excess.
We first noticed that hexadecane-grown cells were more intensely stained by DAPI (Fig. 1a) than glucose-grown ones (Fig. 1b) . The vacuoles and cytoplasm of hexadecane-grown cells contained large bright PolyP inclusions when grown in the medium with 10 mM P i . Their brightness made the visualization of PolyP in the cell wall difficult.
We then investigated the PolyP content and changes in its chain length in cells grown into the stationary phase in media supplied with glucose or hexadecane in conditions of P i limitation or excess. The total PolyP content of cells grown on hexadecane was 2.7-to 6-fold higher than in the cells grown on glucose in conditions of P i excess and limitation, respectively (Table 1) . Similar results were obtained with C. quillermondii grown on alkanes (Grigoréva et al. 1973) . The increase in the PolyP content of C. maltosa was due to an increase in the content of longchain PolyP (see Supplement 2, Supporting Information). Compared to glucose-grown cells, the increase in the PolyP content of cells grown on hexadecane was accompanied by an increase in the PolyP chain length. The PolyP in acid-soluble fraction is usually short chained (Vagabov et al. 2008) . The average chain length of acid-soluble PolyP was of 15 and 75 phosphate residues in glucose-and hexadecane-grown cells, respectively (see Supplement 2, Supporting Information). The results of the chemical extraction of PolyP are in agreement with the data of fluorescent microscopy.
The increase in the PolyP content in conditions of growth slowdown was also observed in the presence of toxic concentrations of manganese (Andreeva et al. 2013) or in conditions of nitrogen deficiency (Breus et al. 2012) . In both cases, the anabolism was decreased, and PolyP might be used to store the excess energy in the form of phosphoester bonds of osmotically inert PolyP.
PolyPs are associated with canals in the cell wall of Candida maltosa grown on hexadecane
Transmission electron microscopy revealed the presence of canals in the cell wall of C. maltosa grown on hexadecane (Fig. 2b) . No canals were found in the cell wall of C. maltosa grown on glucose (Fig. 2a) . As seen in Fig. 2b , the inner parts of the canals are in close proximity of the cytoplasmic membrane and their outer parts extend beyond the cell wall. Canals are firmly anchored in the cell wall, since they retain their localization even after the cell disintegration with glass beads (see Materials and Methods) .
The staining of the cell wall of C. maltosa grown on hexadecane with diaminobenzidine revealed the co-localization of oxidative enzymes and the canals (Fig. 2d) , whereas no diaminobenzidine staining was seen in glucose-grown cells (Fig. 2c) . The diaminobenzidine staining of canals was observed previously in other yeast species consuming hexadecane (Dmitriev et al. 2011) . The role of oxidative enzymes and cytochromes P450 in the degradation of hydrophobic substrates by yeast is well documented (Cheng et al. 2005; Kogure, Takagi and Ohta 2005; Kogure et al. 2007) .
Glucose-and hexadecane-grown C. maltosa cells were stained with pyrene, a molecule thought to reveal the hydrophobic properties of proteins, protein lipid association and protein membrane interactions (Bains, Patel and Narayanaswami 2011) . Numerous discretely located fluorescing sites appeared on the cell surface of hexadecane-grown cells after pyrene staining (Fig. 2f) , whereas glucose-grown cells were not stained by pyrene (Fig. 2e) . Proteins of the canals are likely to bear hydrophobic domains involved in the interaction with membranes or hexadecane. They might thus constitute pyrene-binding sites.
Contrasting the canals with uranyl acetate and lead salts (Voříšek, Knotková and Kotyk 1982) revealed the presence of PolyP in these supramolecular structures (Fig. 2b) . DAPI staining confirmed this localization. DAPI staining is a convenient fluorescence method to detect both DNA (in the 0.1-1 μg mL range) and PolyP (in the 3-50 μg mL range) (Serafim et al. 2002; Andreeva et al. 2013) . After DAPI staining, the cell wall of hexadecane-grown C. maltosa fluoresces more intensively than that of glucose-grown cells (Fig. 3a and b) . This indicated the increased content of the cell wall PolyP upon growth in the presence of hexadecane. The fluorescence of the DAPI-treated cell wall fainted and became discrete (Fig. 3c ) after the treatment with polyphosphatase PPX1, an enzyme highly specific to PolyP degradation (Lichko and Kulakovskaya 2015) .
Scanning electron microscopy was used to determine the size and average number of canals per cell as well as to analyze their state after the cell treatment with polyphosphatase PPX1. In cells grown on hexadecane, canals were distributed relatively uniformly throughout the cell surface with an average number of 210 canals (±20%) per cell and size of 176 ± 8 nm (Fig. 3e) . Such structures were not seen in glucose-grown cells (Fig. 3d ). After treatment with polyphosphatase PPX1, the average number of canals and their location remained almost unchanged while their size decreased by almost half (95 ± 13 nm) (Fig. 3f) .
Altogether our observations indicate that canals, which assemble in the cell wall of C. maltosa upon growth in the presence of hexadecane, are supramolecular cell wall structures containing oxidative enzymes and PolyP. Further microscopic and genetic studies are required to decipher the role of PolyP in the canal formation and functioning. They might, for example, participate in the enzyme immobilization in the canals or provide energy necessary for the primary oxidation of hydrocarbons.
